M itochondria are the key players of cell ener gy metabolism, programmed cell death and oxidative stress. Polarography with Clark electrode is a widely used method for evaluation of functional activity of mitochondria through measurement of oxygen consumption rate by suspension of the organelles of permeabilized cells in various functional states [1] [2] [3] [4] [5] . This method requires specific equipment and large quantities of experimental material, yet it does not provide information on the biochemical processes underlying changes in mitochondrial oxygen consumption. Therefore, research and development of simple, reliable and informative biochemical approaches to evaluation of functional activity of particular complexes of mitochondrial electron-transport chain are needed.
M itochondria are the key players of cell ener gy metabolism, programmed cell death and oxidative stress. Polarography with Clark electrode is a widely used method for evaluation of functional activity of mitochondria through measurement of oxygen consumption rate by suspension of the organelles of permeabilized cells in various functional states [1] [2] [3] [4] [5] . This method requires specific equipment and large quantities of experimental material, yet it does not provide information on the biochemical processes underlying changes in mitochondrial oxygen consumption. Therefore, research and development of simple, reliable and informative biochemical approaches to evaluation of functional activity of particular complexes of mitochondrial electron-transport chain are needed.
NADH (nicotinamide adenine dinucleotide) and FADH 2 (flavin adenine dinucleotide) are the primary electron carriers within mitochondrial electron transport chain (ETC) (Fig. 1 ). NADH and FADH 2 oxidation leads to translocation of protons through complexes I, III and IV of the mitochondrial inner membrane into intermembrane space. Proton gradient and ADP control rate of ATP synthesis by mitochondria. Thus, changes in redox state of NADH and FADH 2 are indicators of mitochondria energetics [6] [7] [8] .
NADH is essential as a coenzyme in catalytic reactions of the primary metabolic pathways and also is a dominant component of cellular autofluorescence. After it has donated electrons, primary to the mitochondrial ETC, NAD + does not fluoresce. Unlike NADH, FADH 2 has no intrinsic fluorescence and FAD has it, which allows for visualization of redox state of these nucleotides using optical methods without employing fluorescent probes. Therefore, changes in fluorescence of pyridine and flavin nucleotides may be used to evaluate mitochondria energy-generating efficiency [8] [9] [10] . Evaluation of redox state of pyridine nucleotides is widely used in biochemical research, in particular in studies on consequences of oxidative stress [11] [12] [13] , cell death detection [8] , estimation of level of postsynaptic neuronal activation [10, 14] . The corresponding experiments were made on carcinoma cells [15] , lung cells [16] , heart tissue [17] [18] [19] . Changes in redox state of pyridine nucleotides as the primary cause of disruptions in mitochondrial respiration under fluoroacetate toxicity have been studied on ascitic Ehrlich carcinoma and rat liver mitochondria [20] .
NADH has been described to fluoresce at 450-460 nm on excitation at 340-350 nm. FAD emits at 530-540 nm on excitation at 450 nm [21, 22] . The amount of data on changes in fluorescent signal of NADH under influence of ETC effectors in isolated mitochondria [5, 12, 20, 23] is limited, and there is no data on changes in FAD signal. There is also no information on the corresponding studies on smooth muscle cell and mitochondria.
Thus, the aim of the present study was to investigate NADH and FAD fluorescence as biomarker for evaluation of functioning of isolated mitochondria (in the case of myometrium of rats) under the effect of modifiers of ETC and ion transport.
materials and methods
Mitochondria isolation from myometrium. Mitochondria samples were isolated from myometrium of non-pregnant rats by differentiation centrifugation, as described [24] . Rats were anesthetized by diethyl ether inhalation and decapitated. The animal experiments were conducted in accordance with guidelines of the European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes (Strasbourg, 1986) .
For the duration of the experiment the isolated mitochondria fraction was kept on ice. Protein content in mitochondria fraction was determined by the standard procedure after Bradford [25] . The mean content was 2 mg/ml.
Fig. 1. Electron transfer and inhibitors of respiratory complexes in electron transport chain of mitochondria. complex I -NaDH-ubiquinone oxidoreductase, II -succinate dehydrogenase, III -ubiquinone-cytochrome-c oxidoreductase, IV -cytochrome c oxidase, Q -ubiquinone, QH 2 -ubiquinol. original diagram
Detection of NADH and FAD fluorescence in mitochondria using spectrofluorometry. The relative values of NADH and FAD intrinsic fluorescence were determined with Quanta Master PTI (Canada) using FelixGX 4.1.0.3096 software. The detection was done in 2 ml of the following medium: 20 mM HEPES (pH 7.4 at 37 °C), 2 mM K + -phosphate buffer (pH 7.4 at 37 °C), 120 mM KCl, 5 mM pyruvate, 5 mM succinate. The aliquots of mitochondria contained 100 μg of protein.
The relative fluorescence of NADH and FAD was calculated as (F-F 0 )/F 0 , where F 0 is the initial fluorescent signal and F is the signal at the corresponding time period.
In experiments on rotenone, antimycin and A23187, a Ca 2+ -ionophore, the intrinsic fluorescence of these compounds was taken into account.
Estimation of hydrodynamic diameter of mitochondria. Hydrodynamic diameter of mitochondria was assayed with ZetaSizer 3 multi-angle particle size analyzer (Malvern Instruments, Great Britain) equipped with computing correlator type 7032 and He-Ne laser LHN-111 with λ = 633 nm and 25 mW output. Autocorrelation of laser light scattering on mitochondria suspension was registered for 1 min, in 10 series under 90° scattering angle. The autocorrelation function was calculated with standard PCSSize mode v. 1.61 software. The incubation medium (1 ml) was of the composition described above. Mitochondrial function was aliquoted at 50 μl, which corresponded to 50 μg of protein.
We used the following reagents: HEPES, sodium pyruvate, sodium succinate, rotenone, antimycin A, CCCP, NaN 3 , A23187, ATP, bovine serum albumin (Sigma, USA), mineral salts of local origin. The reagents were dissolved in ddH 2 O with specific conductance no higher than 1.5 μS/cm, as measured by OK-102/1 conductometer (Hungary).
Data are presented as mean ± SEM; significant differences between group were evaluated by using Student's t-test with P < 0.05 [26] .
results and discussion
analysis of emission and excitation spectra of NADH and FAD in mitochondria fraction of rat uterus smooth muscle cells. We investigated spectrum of NADH fluorescence in mitochondria fraction at excitation wavelength of 350 nm (as determined by others) [21] . We observed two maximums of fluorescence at 400 nm and 450 nm (Fig. 2) . At emission wavelength of 400 or 450 nm we determined two maximums of excitation -at 280 nm and 350 nm. As shown by others, the excitation maximum at 280 nm is due to tryptophan residues in protein. At 280 nm excitation tryptophan fluoresces at 300 nm, yet chemical microenvironment shifts this to a significantly longer wavelength [21, 22, 27, 28] . In this case the maximum of tryptophan fluorescence may be at 400 nm (Fig. 2) .
The maximums of excitation and emission for NADH in mitochondrial fraction from rat uterus myocytes are 350 nm and 450 nm, correspondingly (Fig. 2, B, c) . The maximums of excitation and fluorescence of FAD were at 450 nm and 533 nm (Fig. 3,  B, c) , which is in accordance with data by others [8-10, 16, 21, 22] . Moreover, excitation and emission spectra of the investigated adenine nucleotides are matching those of working solutions of the corresponding chemically pure nucleotides ( Fig. 2, a; 3, a). It must be noted that NADH binding to proteins prevents contact (stacking) between adenine and reduced nicotinamide group, which causes increase in quantum output of fluorescence, although the corresponding effect for FAD has not been detected [21] .
Changes in NADH and FAD fluorescence in mitochondrial fraction in medium with substrates of respiration. We introduced 5 mM pyruvate, a substrate of pyruvate dehydrogenase complex that produced NADH for ETC, and 5 mM succinate, a substrate of FAD-dependent succinate dehydrogenase, into incubation medium in order to produce the energized state of mitochondria.
NADH fluorescence decreased in time in the presence of respiratory substrates, which indicates increase in NAD + content resulting from functio ning of NADH-ubiquinone oxidoreductase (complex I) (Fig. 4, a) . FADH 2 content also decreased, with corresponding increase in FAD fluorescence, which reflects the activity of succinate dehydrogenase complex (complex II) of ETC (Fig. 4, B, c) . Thus, we observed reciprocity in changes of fluorescence of flavin and pyridine adenine-nucleotides under normal functioning of ETC, which is corroborated by data by others [8-10, 15-17, 29] .
Complex II is the key enzymatic component of the citric acid cycle. It catalyzes oxidation of succinate to fumarate in mitochondrial matrix. Succinate oxidation is coupled with reduction of ubiquinone in inner mitochondrial membrane. Complex II is composed of two functional parts. One is the soluble succinate dehydrogenase, containing a 70 kDa subunit that covalently binds FAD, and 30 kDa subunit that incorporates Fe-S clusters. The other is a membrane- Decrease in FAD fluorescence caused by introduction of respiratory substrates (Fig. 4, B) or in their presence from the start (Fig. 4, c) may be explained by stimulation of activity of citric acid cycle enzymes, in particular the succinate dehydrogenase. The prolonged increase in signal that follows may be (Fig. 5, a) . This result is in agreement with data obtained on cells from lung, carcinoma, brain neurons, and isolated brain and myocardium mitochondria [5, 10, 16, 20] . Rotenone did not affect changes in FAD fluorescence dynamics (Fig. 5, B) .
Fig. 4. Changes in NADH (A) and FAD (B) fluorescence in isolated mitochondria of uterus' myocytes in presence of respiratory substrates pyruvate (5 mM) and succinate (5 mM) or after introduction of both the substrates in the incubation medium (C), n = 5. Data of a typical experiment
Antimycin A is an inhibitor of ubiquinone-cytochrome c reductase, the complex III of ETC, and blocks electron transfer from ubiquinone to cytochrome c [30, 31] .
Introduction of antimycin (1 µg/ml) into incubation medium caused significant increase in inten- (Fig. 6) . These results indicate inhibition of complex I and decrease in activity of complex II of ETC. In the presence of succinate in incubation medium complex II oxidizes succinate to fumarate and reduces ubiquinone to ubiquinol, albeit less efficiently. Reverse electron transport from succinate to complex I via ubiquinone, which would raise NADH levels, may be also possible under these conditions due to reverse in functioning of NADH-dehydrogenase [5] . Sodium azide (5 mM) caused more pronounced decrease in NADH fluorescence than in control, and also increase in FADH 2 contents (Fig. 7) , which may indicate blocking of electron transfer from succinate to ubiquinone. Decrease in FAD fluorescence has also been observed on lung cells and Ehrlich carcinoma cells if preincubated with KCN, with simultaneous increase in NADH signal [6, 7] .
Sodium azide is known to degrade in water solutions, producing hydrazoic acid, hydroxylamine, and, possibly, nitrogen oxides, which act as reactive nitrogen species in biological systems. Hence, sodium azide may be an "indirect NO donor" [32] . The primary effects of NO are: 1) high affinity inhibition of complex IV of ETC, 2) nitrosylation of proteins containing thiol groups in active center (i.e. pyruvate dehydrogenase complex and enzymes of citric acid cycle), 3) nitrosylation of complex I, which results in marked decrease of its activity [33] .
On account of these considerations, we investigated changes in fluorescence of NADH and FAD in the presence of sodium nitroprusside and nitrite (0.1 mM). We found the results to be analogous to those of the azide effects (Fig. 8) .
Fig. 7. Effect of sodium azide (5 mM) on NADH (A) and FAD (B) fluorescence in isolated mitochondria from myocytes of uterus, n = 5. Data of a typical experiment.
Thus, we attribute the decreased NADH and FAD levels under the effect of NaN 3 to drop in activi ty of enzymes of citric acid cycle due to inhibition of ETC in mitochondrial membrane.
Membrane proton gradient dissipation in presen ce of CCCP protonophore (10 µM) resulted in marked decrease in NADH and FAD fluorescence (Fig. 9) . Protonophores act to uncouple respiration and oxidative phosphorylation by elimination of H + gradient, resulting in compensatory rise in functional activity of certain elements of mitochondrial ETC [34] . Our results indicate higher complex I activity (NADH fluorescence levels drop rapidly, followed by a slower decrease). Decreased FAD fluorescence indicates block in electron transfer from succinate to ubiquinone. Nevertheless, continued oxidation of succinate by succinate dehydrogenase causes increase in FADH 2 levels.
Fig. 8. Effect of nitric oxide donors -sodium nitroprusside (SNP) and nitrite (SN) (0.1 mM) -on NADH (A) and FAD (B) fluorescence in isolated mitochondria from myocytes of uterus. Data of a typical experiment and statistical representation of the experimental results for NADH (C) (M ± m, n = 5), * denotes significant changes in comparison to control, P ≤ 0.05. The mean values were calculated from relative fluorescence on the 10 th min of incubation

Fig. 9. Effect of CCCP protonophore (10 µM) on NADH (A) and FAD (B) fluorescence in isolated mitochondria from myocytes of uterus, n = 5. Data of a typical experiment
Preincubation of isolated mitochondria with CCCP protonophore caused a decrease in levels of ionized Ca 2+ in matrix of the organelles in our experiments, and also results in release of the Ca 2+ that had been accumulated in energy-dependent way in mitochondria. Pyruvate dehydrogenase complex and NAD-containing dehydrogenases of citric acid cycle (α-ketoglutarate dehydrogenase and isocitrate dehydrogenase) are known to be Ca 2+ -dependent enzymes [35] . Thus, CCCP causes a decrease in Consequently, compensatory restoration of proton gradient is performed primarily by complex I of ETC, since this way is energetically more efficient for mitochondria.
Changes in NADH and FAD fluorescence in the presence of endogenous effectors. Mitochondria has been shown to be deeply involved in processes of intracellular Ca 2+ signaling due to their capacity to pool and release Ca 2+ . Ca 2+ uptake by mitochondria is performed by voltage-dependent ruthenium red-sensitive Ca 2+ uniporter with optimal activity within micromolar range of extramitochondrial Ca 2+ concentrations [36] . Mg-ATP 2-and succinate are required to be present in the incubation medium for isolated mitochondria to uptake Ca 2+ [37] . Mg-ATP 2-addition (artificial energization of mitochondrial membrane) leads to increased NADH and FAD content, which may indicate inhibition of complex I. Addition of Ca ions (80 µM) to incubation medium with its consequent energy-dependent accumulation in mitochondria (in the presence of Mg-ATP 2- ) results in rapid drop of NADH and FAD fluorescent signal that may be caused by a decrease in electrochemical potential of the inner mitochondrial membrane (Fig. 10) . The subsequent rise in NADH level is associated primarily with Ca 2+ -dependent activation of citric acid cycle dehydrogenases and pyruvate dehydrogenase complex [35] . The increase in FAD fluorescence resulting from stimulation of Ca 2+ transport in matrix may indicate intensification of ETC performance, in particular that of complex II. Introduction of Ca 2+ -ionophore A23187 (10 µM) caused more pronounced increase in fluorescence of the investigated nucleotides (data not shown).
Effect of ETC inhibitors on hydrodynamic dia meter of mitochondria.
Swelling is important morphologic sign of mitochondria damage [38] . Mitochondria analysis is done by various means. Photon correlation spectroscopy is widely employed to determine the characteristic particle size (hydrodynamic diameter) of mitochondria. The mean hydrodynamic diameter of control mitochondria was 547 ± 49 nm, which is within their effective size [39, 40] . Alamethicin addition (7.5 µg/ml) leads to the increase of hydrodynamic diameter to 773 ± 32 nm. Alamethicin is used as the potentially least dama ging agent for permeabilization of the inner mitochondria membrane [39] . Alamethicin produces pores with various permeability characteristics as a result of aggregation of its peptides. It is important to mention that beyond the permeabilization of membranes, alamethicin does not disrupt the inner or the outer membrane, activity of complex I of ETC and ATP synthase complex, and does not inhibits citric acid cycle enzymes' activity (aconitase and isocitrate dehydrogenase) [41] . Changes in hydrodynamic diameter after introduction of alamethicin were taken as control values (100% swelling).
The inhibitors of ETC we used -rotenone, antimycin, sodium azide, protonophore CCCPcaused the increase of hydrodynamic diameter of mitochondria by 40% on average in comparison to control swelling in presence of alamethicin. Therefore, inhibition of the corresponding complexes of ETC impairs its function resulting in drop in electrochemical inner membrane potential. This causes disruptions in transmembrane cation exchange, in particular potassium and P i , which results in organelle's swelling [42] . Thus, the results of this work, which was performed on fraction of isolated mitochondria from smooth muscle of uterus, demonstrate the possibility to analyze the functional activity of ETC by intrinsic fluorescence of NADH and FAD coenzymes. Changes in their fluorescence in conditions when their mitochondrial content is stable reflect the changes in oxidation and reduction state of these compounds resulting from activity of the corresponding ETC complexes.
The reciprocity of changes in fluorescence of the pyridine and the flavin nucleotides under normal mitochondrial ETC functioning was demonstrated in the presence of substrates for complex I and II. In these conditions we observed a decrease in NADH signal and increase in FAD signal, which may serve as a test for ETC functioning.
Analysis of fluorescent response of NADH and FAD in isolated mitochondria to specific inhibition of complexes I, III and IV of ETC, and to addition of protonophore revealed the correlation between changes in fluorescence of the investigated nucleotides (their redox state) and function of the particular complexes in ETC of the inner mitochondrial membrane.
Measurements of FAD and NADH fluorescent signal may be used to assay response to effectors of ETC functioning. We demonstrated that increased energization of mitochondria causes inhibition of complex I of ETC, and that higher Ca 2+ accumulation results in increased FAD and NADH fluorescence reflecting activation of Ca 2+ -dependent activation of NAD-containing dehydrogenases of citric acid cycle and succinate dehydrogenase complex.
The perceived absence of the direct link between effects of chemical compounds on the particular elements of ETC and the fluorescent signal from endogenous mitochondrial nucleotides may be problematic for applications of our approach. This is due to ETC functioning as a single self-regulating system, its efficiency greatly depending on activity of the citric acid cycle enzymes. Hence it is important to continue this line of research with the aim of establishing correlation between effects of a large number of ETC modulators and the fluorescent response. The primary goal of the further work will be establishing connections between ETC, nucleotide fluorescence and functional activity of mitochondria, in particular their cation transport and polarization of the inner membrane.
Nevertheless, we consider the methodology of this study to be of value for research on functional state of mitochondria under normal conditions and under effect of modifiers of ion exchange and mitochondrial enzyme activity.
The author is grateful to Prof., Dr. Доказана возможность исследования функ-ционирования электронтранспортной цепи в изолированных митохондриях гладкой мыш-цы матки крыс с использованием собственной флуо ресценции коэнзимов NADH и FAD. По-казана реципрокность изменений флуоресцент-ных сигналов от FAD и NADH при нормальном функционировании электронтранспортной цепи митохондрий. Направленное действие ингиби-торов І, ІІІ и ІV комплексов приводило к измене-ниям флуоресценции исследуемых адениновых нук леотидов. Ротенон (5 мкМ) вызывал резкое увеличение флуоресценции NADH вследствие ингибирования комплекса І, при этом не изме-няя динамику увеличения флуоресценции FAD. Антимицин А (1 мкг/мл; ингибитор ІІІ комплек-са) вызывал резкое увеличение флуоресценции NADH и умеренное в сравнении с контролем от FAD. Ингибитор ІV комплекса NaN 3 (5 мМ) и протонофор СССР (10 мкМ) приводили к сни-жению флуоресценции от NADH и FAD. Кроме того, все использованные ингибиторы вызывали набухание митохондрий. Доноры NO -(0,1 мМ нитропруссид и нитрит натрия), вызывали сни-жение флуоресценции NADH и FAD подобно из-менениям флуоресценции при действии азида натрия. Энергозависимая аккумуляция Са 2+ в ма-трикс митохондрий (в присутствии субстратов окисления и комплекса Mg-ATP
2-
) сопровожда-лась резким снижением флуоресценции NADH и FAD с дальнейшим рос том флуоресценции адениновых нуклеотидов, что возможно проис-ходит преимущественно за счет Са 2+ -зависимой активации дегидрогеназ цикла Кребса. Таким образом, флуоресцентный сигнал от FAD и NADH отображает изменения окислительно-восстановительного состояния исследуемых ну-клеотидов в изолированных митохондриях, что можно использовать для оценки влияния эффек-торов функционирования электронтранспорт-ной цепи.
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